Integrated ultrasonic backscatter (IB) is a noninvasive measure of the acoustic properties of myocardium. Previous experimental studies have indicated that altered acoustic properties of the myocardium are reflected by the magnitude of variation of IB during the cardiac cycle. In our study, cardiac cycle-dependent variation of IB was noninvasively measured using a quantitative IB imaging system in 12 patients with uncomplicated pressure-overload hypertrophy and 13 patients with hypertrophic cardiomyopathy. Sixteen normal subjects served as a control. The magnitude of cardiac cycle-dependent variation of IB for the posterior wall was 6.0± 0.9 dB in normal subjects, 5.7±+0.8 dB in the patients with uncomplicated pressureoverload hypertrophy, and 6.7+±2.1 dB in the patients with hypertrophic cardiomyopathy. There were no significant differences among any of these groups. In contrast, the magnitude of cardiac cycle-dependent variation of IB for the septum was significantly smaller in the patients with uncomplicated pressure-overload hypertrophy (2.8+1.3 dB) and in the patients with hypertrophic cardiomyopathy (3.1±2.3 dB) than in normal subjects (4.9±1.0 dB). The magnitude of cardiac cycle-dependent variation of IB was smaller as the wall-thickness index increased (r=-0.53, p<0.01, n=82 for all data). This IB measure also correlated with percent-systolic thickening of the myocardium (r=0.67,p<0.01, n=82). Thus, alteration in the magnitude of cardiac cycle-dependent variation of IB was observed in hypertrophic hearts and showed apparent regional myocardial differences. (Circulation 1989;80:925-934) L eft ventricular hypertrophy is a common adaptation mechanism in patients with pressure overload such as hypertension and aortic stenosis.1,2 Idiopathic left ventricular hypertrophy also may occur and this is usually classified as hypertrophic cardiomyopathy (HCM).3 HCM, in most cases, is characterized by asymmetric septal hypertrophy,4-8 and, thus, M-mode and twodimensional echocardiography are useful both in the quantification of hypertrophy and in the differentiation of these two forms of hypertrophy. by the analysis of the cardiac cycle-dependent variation of IB. More recent studies23-26 have shown that the magnitude of the variation of cardiac cycledependent IB can be noninvasively measured even in humans, with detection by this parameter of alterations in the acoustic properties of the myocardium produced by myocardial ischemia, infarction, and reperfusion both in animals and man.24,25,27 In this study, the magnitude of the cardiac cycledependent variation of IB was measured to characterize the acoustic properties of hypertrophied heart
Integrated ultrasonic backscatter (IB) is a noninvasive measure of the acoustic properties of myocardium. Previous experimental studies have indicated that altered acoustic properties of the myocardium are reflected by the magnitude of variation of IB during the cardiac cycle. In our study, cardiac cycle-dependent variation of IB was noninvasively measured using a quantitative IB imaging system in 12 patients with uncomplicated pressure-overload hypertrophy and 13 patients with hypertrophic cardiomyopathy. Sixteen normal subjects served as a control. The magnitude of cardiac cycle-dependent variation of IB for the posterior wall was 6.0± 0.9 dB in normal subjects, 5.7±+0.8 dB in the patients with uncomplicated pressureoverload hypertrophy, and 6.7+±2.1 dB in the patients with hypertrophic cardiomyopathy. There were no significant differences among any of these groups. In contrast, the magnitude of cardiac cycle-dependent variation of IB for the septum was significantly smaller in the patients with uncomplicated pressure-overload hypertrophy (2.8+1.3 dB) and in the patients with hypertrophic cardiomyopathy (3.1±2.3 dB) than in normal subjects (4.9±1.0 dB). The magnitude of cardiac cycle-dependent variation of IB was smaller as the wall-thickness index increased (r=-0.53, p<0.01, n=82 for all data). This IB measure also correlated with percent-systolic thickening of the myocardium (r=0.67,p<0.01, n=82). Thus, alteration in the magnitude of cardiac cycle-dependent variation of IB was observed in hypertrophic hearts and showed apparent regional myocardial differences. (Circulation 1989; 80:925-934) L eft ventricular hypertrophy is a common adaptation mechanism in patients with pressure overload such as hypertension and aortic stenosis.1,2 Idiopathic left ventricular hypertrophy also may occur and this is usually classified as hypertrophic cardiomyopathy (HCM).3 HCM, in most cases, is characterized by asymmetric septal hypertrophy,4-8 and, thus, M-mode and twodimensional echocardiography are useful both in the quantification of hypertrophy and in the differentiation of these two forms of hypertrophy. [5] [6] [7] [8] [9] [10] The difference between these two types of hypertrophy in the adult, however, is most clearly identified by histologic analysis with myocyte disarray observed From the Division of Cardiology, Stanford University School of Medicine, Stanford, California. Supported in part by a Japan-Stanford University Medical Fund (to T.M.).mostly in the septum in HCM and myocardial fibrosis observed in both conditions.'1-16 Currently, there is no noninvasive method of assessing these differences.
Integrated ultrasonic backscatter (IB) is a relatively new noninvasive measure of the acoustic properties of the myocardium.17 Experimental studies18-22 have shown altered acoustic properties of the myocardium detected by the measurement of the efficiency of ultrasound backscatter, as well as by the analysis of the cardiac cycle-dependent variation of IB. More recent studies23-26 have shown that the magnitude of the variation of cardiac cycledependent IB can be noninvasively measured even in humans, with detection by this parameter of alterations in the acoustic properties of the myocardium produced by myocardial ischemia, infarction, and reperfusion both in animals and man. 24, 25, 27 In this study, the magnitude of the cardiac cycledependent variation of IB was measured to characterize the acoustic properties of hypertrophied heart obtained with system in 57-year-old healthy subject. Hor in man. The purpose of this study was to look for differences in the acoustic properties of the normal versus hypertrophied myocardium and observe possible regional differences, compared to normal subjects, in cardiac cycle-dependent variation of IB in patients with hypertrophied hearts due to pressure overload or HCM.
Methods

Ultrasonic Backscatter Instrumentation
IB was measured with a modified commercially available real-time, two-dimensional imaging system (Hewlett-Packard 77020AC, Hewlett-Packard, Andover, Massachusetts) equipped with a 64-channel phased-array transducer of 3.5 MHz. With this system, either conventional two-dimensional and M-mode echo amplitude or IB images are obtained. In the IB imaging mode, the received ultrasound signal is amplified, mixed to an appropriate intermediate frequency, phased, and delayed. Different from a conventional imaging system, the signal is accessed with the ILB processor to produce a continuous signal proportional to the logarithm of IB. In the calculation of the logarithm of IB, the integration time is 3.2 gsec, and the dynamic range of the IB processor is greater than 40 dB. Measurements of IB in absolute terms cannot be obtained with this system, because calibration of the absolute time-averaged IB level is not now available.
However, if IB is measured at two different instants (e.g., at diastole and systole) in the same area, the logarithm of the ratio of backscattered energies at these two instants is available quantitatively (in dB) by calculating the difference between the values of IB. Although the instantaneous value of IB is related to gain settings, the magnitude of cardiac cycledependent variation of IB (in dB) is essentially independent of transmit power over the range of transmit power used in this study (settings between 30 and 40 dB). The transmit power and time-gain compensation settings were adjusted so the myocardium was filled in with medium to low level signal that showed visually the largest cardiac cycledependent variation in the brightness, that is, maximum brightness in the late diastole and minimum brightness in the late systole. The gain controls were not adjusted equally throughout the sector field and, therefore, each depth had different gain emphasis. They were adjusted initially for each study and kept constant thereafter throughout each study. Therefore, no attempt was made in this study to standardize instrument adjustment among the patients or subjects.
In our system, the value of IB (in dB) in an area-of-interest is obtained by placing a squareshaped area-of-interest of variable size anywhere on the frozen two-dimensional or M-mode IB images. Further, in the frozen M-mode IB image the serial time varying changes in the amplitude of IB on a relative scale are obtained by tracing the areaof-interest from left to right. This is displayed as a curve of IB versus time ( Figure 1 ).
Patients
Thirty-one patients with hypertrophied hearts were considered for this study. Six patients were excluded because adequate-quality IB images were not obtained; therefore, the study population consisted of 25 patients with hypertrophied hearts. There were 17 men and eight women of ages ranging from 26 to 80 years (mean, 56 years). The etiology of hypertrophied hearts was considered to be pressure overload, that is, hypertension or aortic stenosis in 12 patients and HCM in 13 patients. In each of the latter, the diagnosis of HCM was based on the presence of a hypertrophied, nondilated left ventricle without clinically defined cause. In 12 of the 13 patients with HCM, asymmetric septal hypertrophy (septal to free wall thickness ratio, .1.3) was present by M-mode echocardiography. In seven of the 13 patients with HCM, an intracavitary pressure gradient, assessed with continuous-wave Doppler echocardiography,28 was greater than 40 mm Hg at rest, and in the other five patients, a pressure gradient equal to or greater than 40 mm Hg was provoked by exercise or inhalation of amyl nitrate. One patient with systemic hypertension (19) was included in the group of HCM because the degree of hypertrophy was considered to be much greater than expected in patients having mild to moderate hypertension alone. Sixteen normal subjects (five men and 11 women), ranging in age from 37 to 62 years (mean, 49 years), served as controls. Prior to IB studies, all patients were examined using the conventional two-dimensional and M-mode echocardiographic amplitude imaging mode to assess the chamber size, wall thickness, or wall motion (Tables   1 and 2 ). The echocardiographic parameters were measured in a standard manner from parasternal views.29 Wall-thickness index was the value of wall thickness at end diastole divided by left ventricular end-diastolic dimension. Each patient rested in a left lateral decubitus position and breathed in a relaxed fashion during the ultrasound examination. The transducer was placed at the parasternal border with imaging of the long-or short-axis view of the left ventricle. The switch to provide the IB image was then toggled. The M-mode IB image was obtained by directing the selected ultrasound beam across the interventricular septum and left ventricular posterior wall. M-mode IB images were frozen for the system's on-screen analysis. Data Analysis
Temporal changes in the IB were measured by placing the area-of-interest between endocardial and epicardial specular borders and tracing along the M-mode frozen images. The size of the areaof-interest selected in this study was approximately 2.8 mm x 80 msec. In some subjects or patients, the area-of-interest included bright specular echoes either because the midportion of the myocardium was too narrow or there were many bright specular spots or streaks within the midportion of the myocardium. In these situations, a smaller areaof-interest of approximately 2.0 mmx60 msec in size was selected. In this study, the smaller areaof-interest was selected in three normal subjects but not in patients with hypertrophied hearts. In patients with HCM, the interventricular septum was sufficiently thick to allow the area-of-interest to be traced along the right (upper on M-mode), middle, and left ventricular (lower on M-mode) thirds of the septum, sequentially. In these patients, the data obtained in the middle third of the septum was used for the comparison of normal subjects and patients with pressure-overload hypertrophy. From the curve of time versus amplitude of IB, the magnitude of cardiac cycle-dependent variation of IB was determined as the difference between minimum and maximum peaks. Values averaged over at least three beats were provided for quantitative analysis.
Reproducibility
Interobserver and intraobserver variabilities of measurements of the magnitude of cardiac cycledependent variation of IB were studied. The magnitude of cycle-dependent variation of IB was determined on screen and therefore, variability was assessed as follows: M-mode IB images were obtained in 10 patients by one observer. Two observers independently analyzed the IB images to determine the magnitude of the cardiac cycle-dependent variation of IB. These were compared for determination of interobserver variability. Intraobserver variability was determined by one observer repeating the analysis process a second time in these 10 patients for comparison with his first measurements. Observer variation was estimated by calculating means and standard deviations of differences, as well as absolute differences between observations. Mean differences between observations were 0.2±1.2 dB (interobserver) and 0.1 + 1.0 dB (intraobserver) for the septum, and 0.1±0.8 dB (interobserver) and 0.1+0.6 dB (intraobserver) for the posterior wall. Absolute differences between observations were 0.9±0.7 dB (interobserver) and 0.6±0.4 dB (intraobserver) for the septum, and 0.7±0.5 dB (interobserver) and 0.5±0.4 dB (intraobserver) for the posterior wall.
Statistical Analysis
Data are presented as mean±SD. The magnitudes of cardiac cycle-dependent variation in IB were compared among the groups using analysis of variance and Scheff6's F test. Relations between two variables were studied using a simple linear regression analysis.
Results
Cardiac Cycle-Dependent Variation ofIB in Normal
Subjects and Patients With Hypertrophied Hearts Cardiac cycle-dependent variation of IB of greater than 3 dB in magnitude was observed in the posterior wall of all normal subjects and all patients with hypertrophied hearts (Figure 2 ). The magnitude of the variation of IB for the posterior wall in normal subjects, patients with pressure-overload hypertrophy, and patients with HCM was 6.0 ±0.9, 5.7+0.8, 6.7±2.1 dB, respectively, and there was no significant difference between any two groups of them. Cardiac cycle-dependent variation of IB of greater than 3 dB in magnitude was observed in the septum in all but one normal subject. In patients with pressure-overload hypertrophy, the cardiac cycledependent variation of IB in the septum ranged from 0 to 5.5 dB and was c3.0 dB in 10 of the 12 patients (Figure 3 ). In patients with HCM, it ranged from 0 to 7.0 dB and was c3.0 dB in seven of the 13 patients. The cardiac cycle-dependent variation of IB for the septum was significantly smaller in the patients with pressure-overload hypertrophy and in the patients with HCM compared to the normal subjects (2.8±1.3 and 3.1±2.3 vs. 4 The cardiac cycle-dependent variation of IB was
As the wall-thickness index increased, the variation of IB tended to decrease, and there was a weak but significant inverse correlation between these two parameters (r= -0.53, p<0.01, n=82 for all data). An inverse correlation between the wall-thickness index and the variation of IB was also noted in the patients with pressure-overload hypertrophy (r=-0.61,p<0.01, n=24,y=-15x+8.8) and those with HCM (r= -0.72,p<0.01, n=26,y= -lOx+9.5).
The plot and linear regression analysis showed that, for similar wall-thickness index, patients with HCM had a larger IB variation than patients with pressureoverload hypertrophy, which was most evident within the range from 0.2 to 0.4 in the wallthickness index (Figure 4) . The relation between the cardiac cycle-dependent variation of IB and percent-systolic thickening of the wall is shown in Figure 5 . In the range below 40% thickening, the magnitude of the variation of IB decreased with the percent-systolic thickening of the wall. The variation of IB was rather constant above 40% thickening. There was a weak but significant correlation between these two parameters (r=0.55, p<0.01, n=82 for all data). The relation seems to be curvilinear; thus, when a polynominal regression analysis was applied to this relation, the correlation coefficient improved to r=0.67 (p<0.01). The relation was similar for patients with pressureoverload hypertrophy (r=0.64, p<0.01, n=24, y=0.05x+2.2) or HCM (r=0.65, p<0.01, n=26, y=0.09x+ 1.7).
Discussion
The magnitude of the cardiac cycle-dependent variation of IB is considered to reflect the acoustic properties of the myocardium. This hypothesis is supported by several experimental studies, [18] [19] [20] [21] [22] wherein this parameter has been demonstrated to decrease with myocardial ischemia19,22 and infarction.21,22 As opposed to measurement of absolute IB, the variation in IB in humans is obtainable with a current system because it does not require any calibration of ultrasound signals and subsequent standardization among subjects. Thus, cardiac cycle-dependent variation of IB can be used to assess alterations in the acoustic properties of the myocardium even in humans. [23] [24] [25] In this study, cardiac cycle-dependent variation of IB was measured in patients with myocardial hypertrophy associated with pressure overload and HCM using an M-mode-format IB imaging system. It has been shown that cardiac cycle-dependent variation of IB, maximum in late diastole and minimum in late systole, is observed both for the septum and for the posterior wall in normal subjects.23 In patients with hypertrophied hearts, the cardiac cycle-dependent variation of IB was observed visually in the posterior wall of all patients but not in the septum of all patients. Although there was no difference between normal-subject and hypertrophied hearts in the measured magnitude of the compared with ihe wali-thickness index (Figure 4) . variation in IB in the posterior wall, the variation of IB in the septum was significantly less in the hypertrophied hearts than in normal subject hearts.
The exact basis for cardiac cycle-dependent variation in IB is not known. Experimental studies30-32 have indicated that the magnitude of the cardiac cycle-dependent variation of IB is affected by cardiac contractile performance. Another study33 showed variation of IB differs regionally, reflecting the regional myocardial contractile performance. In this study, the difference in regional myocardial contractile performance, assessed with percentsystolic thickening of the wall between the septum and posterior wall, was much larger in patients with hypertrophy than in normal subjects, in accordance with the finding of the variation in IB. Percentsystolic thickening of the wall has been demonstrated to correlate well with the magnitude of the cardiac cycle-dependent variation of IB in dogs.18 20 This correlation was also observed in humans with Magnitude of cardiac cycledependent variation ofIB in septum was significantly less in patients with pressure-overload hypertrophy and patients with HCM (p<0.05 and p<0. 05, respectively) than in normal subjects. IB measure ranged more widely inpatients with HCM compared with normal subjects and patients with pressure-overload hypertrophy. However, there were no significant differences in this IB measure for the posterior wall among any of these three groups.
hypertrophied hearts. These findings suggest one of the factors contributing to the variation of IB is regional myocardial contractile performance, which is affected by wall stress, inotropic state, and structural changes of the myocardium. However, the relation was not linear either in the dog study20 or in this clinical study, which suggests myocardial contractile performance is not the sole factor that affects the variation of IB.
Pressure-Overload Hypertrophy
The decrease in variation of IB in the pressureoverload hypertrophy group may have reflected structural changes of an increase in fibrosis of the myocardium because the effect of fibrosis on the variation of IB is documented both in patients with dilated cardiomyopathy and those with old myocardial infarction.23,24 The percent area of fibrosis in the left ventricular wall is greater in hypertensive heart disease than in normal subjects. Tanaka et a116 found the percent area of fibrosis correlated with heart weight, indicating that fibrosis is most prominent in patients with the most severe hypertrophy. In this study, the variation of IB correlated inversely with the wall-thickness index, suggesting the variation of IB also is most abnormal in patients with the most severe hypertrophy. However, myocardial contractility, which has been associated with the magnitude of the variation of IB,30-32 is usually considered to be depressed in hypertrophied hearts,34 and therefore, the decrease in the magnitude of the variation of IB also may be partially due to the depressed myocardial contractility. Questions now arise regarding why a decrease in the variation of IB was not observed in the posterior Plot of the relation between wall-thickness index and magnitude of cardiac cycle-dependent variation of integrated ultrasonic backscatter (IB). As wallthickness index increases, magnitude of variation of IB tended to decrease, and there was a weak but significant correlation between these two parameters (r=-0. 53, p<0. 01, n=82 for all data). There was a closer relationship between these parameters in the pressure-overload hypertrophy group (o) (r= -0. 61, p<O. 01) and the hypertrophic cardiomyopathy group (e) (r=-0.72, p<0.01). For similar wall-thickness index, variation of IB was larger inpatients with HCM than inpatients withpressureoverload hearts. (+), Data for nornals. FIGURE 5. Plot of the relation between percent (%)-systolic thickening of myocardium and magnitude of cardiac cycle-dependent variation of IB. As percentsystolic thickening of wall decreases, magnitude of variation ofIB tended to decrease, and there was a weak but significant correlation between these two parameters (r=0.55, p<0. 01, n=82 for all data) using linear regression analysis. Polynominal regression analysis showed a curvilinear relation of these data (r= 0.67, p<0.01). (+), Normal subjects; (o), patients with pressure-overload hearts; (o), patients with HCM.
wall in the pressure-overload hypertrophy group because the structural abnormalities of the hypertrophied myocardium are equally distributed within the septum and the posterior wall.16 There are two possible explanations for this: The effect of regional differences in the systolic wall stress and, hence, the effect of myocardial contractile performance on the variation of IB and/or the presence of regional differences in the structural changes in our patients as opposed to Tanaka's cases. 16 There should be regionality in the systolic wall stress and myocardial contractile performance because the left ventricular cavity is not truly ellipsoid. Less variation of IB in the septum than in the posterior wall may be partially explained this way. On the other hand, our study population included more patients with a high septum/posterior wall-thickness ratio than Tanaka's population16; and our findings may also reflect the difference in the abnormal structural changes in these populations. Hess et a135 found mechanical factors can produce asymmetric septal hypertrophy, and speculated that "this effect was due to greater regional wall stress in the septum than in the posterior wall because the left ventricle is more like a slit with a straight septum and no curvature." Both wall thickening and structural changes in patients with pressure-overload hypertrophy probably are produced by the elevated wall stress36, 37 and, therefore, regional differences in the wall thickening also substantiate this explanation. The smaller variation of IB in the septum than in the posterior wall may suggest more abnormal structural changes in the septum. This is consistent with findings in one of our patients (6) One may expect the variation of IB in the septum to be less in patients with HCM than in patients with pressure-overload hypertrophy because this study implies wall thickness and regional myocardial performance are important determinants of the variation of IB, and the patients with HCM had more severe hypertrophy and more reduced systolic septal thickening. However, this was not true and there was no statistical difference in the overall range of distribution of magnitudes of the cardiac cycle-dependent variation of IB between these two groups. In fact, for similar wall-thickness indices, the variation of IB tended to be larger in patients with HCM than in patients with pressure-overload hearts (Figure 4 ). This finding is especially interesting when trying to understand the relation between variation in IB and wall-thickness index. In the present study, we do not have data to explain the difference between these two diseases. The magnitude of cardiac cycle-dependent variation of IB is also supposed to be affected by factors such as alteration in fiber architecture, structure or geometry of muscle fibers, and/or properties of the myocardium, and the difference in these factors between pressure-overload hearts and HCM hearts may account for our finding.
Technical Limitations
In this study, all quantitative analyses were based on the IB values determined by tracing the areaof-interest on the IB image and, thus, there are problems inherent in the measurements. Thick bright lines from the right or left septal endocardium and/or intramyocardial specular bright septal echoes may have affected the magnitude of the cardiac cycle-dependent variation of IB in some subjects. The thick bright lines of septal endocardium prevented us from tracing the midportion of the septum with a large area-of-interest. This leads to a reduced signal-to-noise ratio and/or an enhancement of high frequency variation of the IB signal not related to cardiac cycle variation. This primarily occurred in subjects with relatively thin walls but was not a problem in patients with hypertrophied hearts. However, the observed specular bright echoes seen mainly in the septum may have significantly influenced the value of IB even in patients with hypertrophied hearts. These signals typically come into the sampled ultrasound beam only in systole or in diastole due to cardiac movement perpendicular to the ultrasound beam. Careful attempts to exclude such bright areas were made during data acquisition and analysis, but it is doubtful that the measurement of variation of IB was completely free from substantial effects of such bright areas in all patients.
Conclusions
This study showed that the magnitude of the cardiac cycle-dependent variation of IB in hypertrophied hearts is different from normal subjects current equipment gives consistent results in normal subjects and in the posterior wall of hypertrophied hearts. This parameter alone currently cannot separate hypertrophied myocardium due to pressure overload from the idiopathic form. Although the technique used in this study may only detect rather gross changes in the acoustic properties of the myocardium, the possibility of detecting more subtle changes in the myocardium may become a reality with further development of the instrument and analysis methods.
